We have characterized plaque localization, the extent of compensatory artery enlargement, and the effect of heart rate in experimental atherosclerosis at the carotid bifurcation of the cynomolgus monkey. We altered heart rate by sino-atrial node ablation (SNA) and then fed the animals an atherogenic diet for 6 months. Heart rate was measured at four time points by 24-hour telemetry. Of nine animals with SNA, heart rate was reduced significantly in six (from 148±11 to 103±20 beats/min, p<0.001) and was unchanged in three. Sham-operated monkeys had no significant change in heart rate. On the basis of comparison with the preoperative mean for all 17 animals (136±22 beats/min), animals were separated into a low-heart-rate (LHR) group (111+16 beats/min, n=12) and a high-heart-rate (HHR) group (150±16 beats/min, n=5). Blood pressure, serum cholesterol level, and body weight did not differ for the two groups. As in the human, plaques formed predominantly in the proximal portion of the internal carotid artery at the lateral wall opposite the flow divider. Plaque cross-sectional area increased progressively from the relatively uninvolved, adjacent common carotid artery to the mid-sinus region of the internal carotid artery and decreased from the mid-sinus region to the internal carotid artery beyond the sinus. Plaque distribution was the same for the LHR and HHR groups, but lesion area and percent stenosis were greater for the HHR group than for the LHR animals (2.01 ±1.19 compared with 0.76±0.42 mm 2 for lesion area [p<0.02] and 30.7±4.4% compared with 15.2±7.3% for stenosis [p<0.002]). When the single section with the largest lesion at each bifurcation was considered, all in the HHR group but only half of those in the LHR group had greater than 25% stenosis (p<0.03). Artery size, as indicated by the area encompassed by the internal elastic lamina, increased with plaque area. For the sections with little or no plaque immediately proximal or distal to the bifurcation, the internal elastic lamina area was similar for both groups. We conclude that axial and circumferential plaque distribution about the cynomolgus monkey carotid bifurcation is similar to that observed in humans, that plaque formation induced compensatory artery enlargement, and that plaque progression was retarded by lowered heart rate. The findings suggest that the conditions that determine plaque location and adaptive modeling in human atherogenesis also prevail in the cynomolgus monkey. (Arteriosclerosis and Thrombosis 1992;12:1245-1253 KEY WORDS • experimental atherosclerosis • carotid bifurcation • compensatory enlargement • heart rate • plaque localization A the human carotid bifurcation, plaques form predominantly in the proximal internal carotid segment, opposite the flow divider, where wall shear stress is low and flow separation and vortex formation occur.
A the human carotid bifurcation, plaques form predominantly in the proximal internal carotid segment, opposite the flow divider, where wall shear stress is low and flow separation and vortex formation occur. 1 In addition, wall shear stress in this region oscillates in both magnitude and direction during the cardiac cycle. 2 At the relatively spared flow-divider side, wall shear stress is high and remains laminar and unidirectional. The oscillations in flow direction in the region of greatest plaque formation occur primarily during the downstroke of systole. 3 Differences in longterm exposure to such variations are therefore depen-dent on heart rate. We therefore hypothesized that if low and oscillating wall shear stresses favor atherogenesis, then modification of heart rate could affect atherogenesis, particularly in locations of selective involvement such as the proximal segments of the coronary arteries, 4 -5 the carotid bifurcation, 1 -2 and the distal aorta. 6 To test this hypothesis, we designed an experiment in which heart rate was lowered in cynomolgus monkeys by means of sino-atrial node ablation (SNA). The animals were subsequently fed an atherogenic diet. We have reported previously 7 that the development of coronary artery plaques was retarded in the animals with low heart rate.
Other investigators have shown that the coronary arteries of cynomolgus monkeys undergo compensatory enlargement during experimental atherogenesis. 89 We have reported the same effect in human coronary prospective studies dealing with atherosclerosis in this region,' 3 we have reviewed the carotid artery findings of the heart rate study. 7 In this report, we describe the localization and effects on artery size of atherogenesis at the carotid bifurcation and the relation of lowered heart rate to carotid plaque formation in these animals.
Methods
To produce sustained heart rate reduction in cynomolgus monkeys without resort to pharmacological agents, we performed SNA by electrocautery of the crista terminalis. Adult cynomolgus males were randomly allocated to two experimental groups before any determination of heart rate: nine were selected to have SNA and eight to have a "sham" procedure identical in all respects to the ablation operation, except that the sino-atrial node region was not disturbed. The operative procedures have been described in detail elsewhere. 7 After a recovery period of 2 weeks, all 17 animals were fed an atherogenic diet for 6 months. The diet has been in use at this institution for many years, and in addition to an appropriate balance of nutrients, vitamins, and fresh fruits, it contains 2% cholesterol and 25% peanut oil.
14 Serum total and free cholesterol and triglyceride levels as well as body weight were determined monthly. Blood pressure was monitored directly by means of an intra-arterial catheter at surgery and before the animals were killed 6 months after the atherogenic diet was started. Atherosclerosis was quantified on sequential transverse sections along the carotid bifurcation by means of computer-assisted morphometry of vessel and plaque dimensions.
Determination of Heart Rate
Heart rates were monitored by single-lead, 24-hour electrocardiogram telemetry on four occasions: 1 week before surgery, 2 weeks after surgery at the time of starting the atherogenic diet, 3 months after surgery, and 6 months after surgery just before the animals were killed. Analysis of recordings was performed without knowledge of the type of intervention. Average heart rate for each 24-hour period was calculated from averages of 3-minute segments at 15-minute intervals.
Specimen Preparation and Plaque Quantification
At termination, each animal was anesthetized, and the heart and great vessels were fixed in situ with 3% glutaraldehyde in Sorensen's phosphate buffer under conditions of controlled and monitored pressure perfusion at 100 mm Hg as described in detail elsewhere. 15 The carotid arteries including the common carotid artery and its internal and external carotid branches were then filled with a mixture of barium sulfate in a molten gelatin solution. When the gelatin solidified, angiograms were made. Both the right and the left carotid bifurcations were removed from each animal and photographed. Transverse sections were then taken from the common carotid artery immediately proximal to the bifurcation region and from the internal carotid artery just distal to the carotid sinus. The entire remaining bifurcation was then processed and embedded in paraffin. Sequential transverse sections 7 ^m thick were then harvested at 500 -fim intervals throughout the length of the bifurcation beginning at the proximal end and mounted for staining and examination. Sections were stained with hematoxylin and eosin and by both the Gomori trichrome-aldehyde fuchsin and the Weigert-van Gieson procedures for connective tissue elements. The sampling procedure provided five to nine sections along each bifurcation. The sections within the bifurcation region, i.e., distal to the adjacent common carotid section and proximal to the distal internal carotid section, were numbered in sequence starting at the common carotid end. Each histological section was projected onto a digitizing tablet by means of a projection microscope, and the circumferential contours of the lumen, the internal elastic lamina (IEL), and the outer limit of the media were traced by one of us (P.A.B.) without knowledge of the type of intervention. The data were collected, and the corresponding areas were calculated by means of a computer on-line with the digitizing tablet.
Analysis of Data
Atherosclerosis was evaluated according to several criteria. Plaque cross-sectional area was defined as the difference between the area circumscribed by the IEL and the area of the lumen. Percent stenosis was calculated using the relation lesion area/IEL area x 100. Circumferential localization was evaluated by establishing the circumferential location of the maximum plaque thickness in relation to the flow-divider side. Axial extent and location along the bifurcation region were assessed by comparing involvement at the sequential section levels from the common carotid artery just proximal to the bifurcation to the internal carotid artery just beyond the sinus.
The overall average of lesion area and of percent stenosis for all of the bifurcation sections was calculated for each individual and for each heart rate group. Similarly, the averages for each heart rate group were calculated for the common carotid and distal internal carotid sections. Estimates were also made for left and right sides separately. To characterize severity of involvement, the section from each bifurcation with the greatest lesion area and the section with the maximum percent stenosis were identified and compared with respect to heart rate. For comparison of means from normal distribution values, two-sided / tests were used. For values with skewed distributions as in the case of plaque measurements, nonparametric tests were used. The Wilcoxon rank sum test was used for the largest lesions from each animal and the Mann-Whitney U test for the average lesion areas.
Results

Heart Rate
Heart rates before and after surgery are shown in Table 1 . The mean heart rate for all of the animals before surgery was 136±22 beats/min. Of the nine animals subjected to SNA, heart rate was reduced in six, from 148+11 to 103±20 beats/min, (p<0.001) and was unchanged in three. The reduced heart rates persisted for each determination throughout the experimental period. The reduction in heart rate of the animals with successful SNA was characterized by a reduction in the mean heart rate for 24 hours and also by a reduction in the degree of heart rate oscillation during the 24-hour recording period. There was no significant change from SA, sino-atrial. All values in beats/min±SD. For the low-heartrate group, rate <preoperative mean; for the high-heart-rate group, rate >preoperative mean. *p<0.001 compared with before surgery; tp<0.001 compared with the low-heart-rate group. the preoperative rate for any of the eight animals subjected to the sham procedure. The mean for all of the animals after surgery was 120 ±26 beats/min ( Table  1) . Twelve animals had average minute heart rates during each of their postoperative 24-hour determinations lower than the preoperative mean for all of the animals, and five monkeys consistently had average minute rates higher than the preoperative mean for all. The former were therefore considered to have had a heart rate during the diet-induction period that was lower than the average baseline rate. These animals constituted the low-heart-rate (LHR) group. The five with a higher-than-average baseline rate during the induction period formed the high-heart-rate (HHR) group. The mean rate was 111±16 beats/min for the LHR group and 150±16 beats/min for the HHR group (/?<0.001). All six of the animals with successful SNA were in the LHR group. The LHR group included one monkey that had had an unsuccessful SNA procedure and five of the sham-operated animals. The HHR group included two of the unsuccessful SNA monkeys and three of the sham-operated animals.
Blood Pressure and Serum Lipids
Blood pressure was 129±36/79±21 mm Hg for the LHR monkeys and 126 ±8/74 ±6 mm Hg for those in the HHR group. Body weights were 5.50±0.76 kg for the LHR animals and 5.98±1.82 kg for those in the HHR group. None of these differences was significant, nor were there significant differences in serum lipid levels. Total serum cholesterol was 656 ±144 mg/dl for LHR monkeys and 838±324 mg/dl for the HHR animals. Free cholesterol levels were 157 ±45 mg/dl for the LHR group and 195 ±102 mg/dl for those with HHR. Triglyceride values were 10.6±4.4 mg/dl for the LHR animals and 9.5 ±7.4 mg/dl for the HHR group.
Distribution, Configuration, and Composition of Plaques
The average carotid bifurcation angle was 51.1 ±16.9°. Plaques were present primarily in the sinus region of the proximal internal carotid artery. Lesions were small or absent in the sections of the common carotid artery taken just proximal to the bifurcation and in the sections of the internal carotid artery taken distal to the sinus region.
Of a total of 252 sections with plaques, 242 (96%) were eccentric and involved principally the outer wall and the side walls. Eccentric plaques were crescentic on cross section, tapering along the anterior and posterior side walls with concave surface contours facing the lumen ( Figure 1 ). Maximum plaque thickness occurred at the outer wall opposite the flow divider. None of the lesions formed convex bulges into the lumen. Small plaques resulting in less than 20% stenosis consisted mainly of foam cells forming two to four layers in the region of maximum thickness. With increasing lesion size, matrix components increased in abundance, as did extracellular lipid. Penetration of foam cells into the inner media occurred beneath some of the plaques, particularly those that resulted in greater than 25% stenosis. Regions of necrosis, stratification of lesion components, and fibrous cap formation were also evident, particularly in the large plaques, but no ulcerations or thrombi were present in any of the sections.
At successive levels of the bifurcation region, plaque area changed with distance from the common carotid artery to the distal internal carotid artery ( Figure 2 ). Plaque area increased steadily and reached a maximum value at about the midportion of the bifurcation region (levels 4-5) and then diminished successively at about the same rate at levels 6, 7, and 8. Although lesion area was greater for the HHR than for the LHR group within the bifurcation region, the pattern of axial gradation of involvement was similar for right and left bifurcations.
Relation to Heart Rate
Plaque areas and percent stenoses according to operative status and segregation into HHR and LHR groups are shown in Table 2 . For all 17 animals, average lesion area was l.ll±0.91 mm 2 and average stenosis 23.3±11.6%. Both operative groups had mean lesion areas and percent stenoses similar to those for all animals. The eight sham-operated animals had an average lesion area of 1.22±1.28 mm 2 and an average stenosis of 18.9±13.1%, whereas the animals subjected to SNA had an average lesion area of 1.05 ±0.45 mm 2 and an average stenosis of 20.4 ±6.1%. When, however, the animals were compared on the basis of heart rate grouping, differences between HHR and LHR groups were highly significant ( When only the single largest lesion and the greatest percent stenosis for each animal were considered (Table 3), averages for all 17 animals were 2.00±1.60 mm 2 for lesion area and 35.0 ±17% for stenosis. Corresponding values were 1.75±1.39 mm 2 and 34.5±10% for those subjected to SNA and 2.31 ±2.18 mm 2 and 35.2±22.0% for the sham-operated control monkeys. There'were no significant differences for either lesion area or percent stenosis among these groupings. In contrast, comparisons of LHR with HHR animals revealed significant differences. The average of the largest lesion areas for the HHR animals was 3.68±1.86 mm 2 but was only 1.32±0.83 mm 2 for the LHR group (p<0.05). The average for the greatest stenoses for the HHR animals was 53.5±7.50, whereas it was only 27.0±12.3% for the LHR animals (p<0.01). When the single largest lesion from each bifurcation (right and left) was considered, 100% (10 of 10) in the HHR group had greater than 25% stenosis while only 54% (13 of 24) resulted in greater than 25% stenosis in the LHR animals. The relation between average heart rate and maximum lesion area or maximum percent stenosis for each animal, regardless of interventional group, is shown in Figure 4 . There is a strong positive correlation between heart rate and maximum lesion area (r=Q.59,p<0.01) or maximum percent stenosis (r=0.65, p<0.01).
The axial symmetry of lesion area about the mid-sinus level was particularly striking in HHR animals, where mean plaque area at the mid-sinus section (level 5) reached 3.5 mm 2 compared with only 0.7 mm 2 and 1.0 mm 2 at levels 1 and 8, respectively ( Figure 5 ). For the LHR animals the lesions were smaller at each level, reaching a maximum of only 0.9 mm 2 at the mid-sinus (level 5). A somewhat different effect was apparent with respect to stenosis ( Figure 5 ). For the HHR animals percent stenosis increased steeply from 13% at level 1 to 45% at the mid-sinus (level 5) but decreased only slightly from mid-sinus to the distal end of the sinus (levels 7 and 8). The effect on percent stenosis was similar for the LHR animals but with smaller degrees of stenosis at each level and a more marked decrease at the most distal levels. The differences in plaque area between HHR and LHR animals were highly significant at levels 3-8 (p<0.01 top<0.05); for percent stenosis the differences were significant at every level (p<0.05 to /?<0.001) but the distal internal carotid. As with lesion area, percent stenosis was least at the common carotid and distal internal carotid levels.
Compensatory Enlargement
In Figure 6 , the mean of IEL area is plotted against mean lesion area for each level. IEL area increased with lesion area for both HHR and LHR animals. Nevertheless, IEL area was very nearly the same for LHR and HHR groups in those sections with little or no plaque deposition, i.e., at the common carotid artery proximal to the bifurcation region and at the internal carotid artery distal to the sinus. The absence of a significant difference in these values for HHR and LHR animals at these locations indicate that heart rate per se was not a factor in vessel enlargement and that individual animals did not differ significantly in artery size in the absence TABLE 
Largest Lesion Area and Percent Stenosis
All animals (n = 17) SA node ablation (n=9) Sham operation (n=8) Low heart rate (« = 12) High heart rate (n=5) SA, sino-atrial. Right and left sections were included for all measurements (mean±SD). For the low-heart-rate group, rate <preoperative mean; for the high-heart-rate group, rate >pre-operative mean. *p<0.05, tp<0.01 compared with the high-heart-rate group.
of plaque formation. When IEL area is plotted against lesion area for levels 3, 4, 5, and 6, where lesions are largest, and for all animals regardless of interventional group (Figure 7) , there is a strong positive correlation, with r=0.74 and p<0.01. As is evident in Figure 1 , plaque enlargement was associated with a change in shape of the vessel from circular to ellipsoid while the lumen remained circular. Although plaques were larger for HHR animals, mean lumen area at each level remained similar for the two heart-rate groups ( Figure  8 ), lending further support to the idea of compensatory effect of vessel enlargement. Discussion The circumferential and axial location of plaques at the carotid bifurcation region of the cynomolgus monkey proved to be similar to that found in the human. 1 Plaques were eccentric and thickest at the lateral wall opposite the flow divider. The region of the flow divider was relatively spared. Axial involvement began in the common carotid artery enlargement at the bifurcation and receded at the distal internal carotid artery beyond the sinus. Plaque area increased progressively in successive distal sections, reaching a maximum in the midsinus region, and decreased in successive sections beyond this level.
The topographic distribution of plaques, both circumferential and axial, was similar for HHR and LHR animals, but there were marked and significant quantitative differences in relation to average minute heart rate. This effect was consistent whether plaques were evaluated by cross-sectional area, largest plaque area, maximum percent stenosis, or number of largest lesions with greater than 25% stenosis. The finding that heart rate correlated positively with plaque formation in experimental atherosclerosis at the carotid bifurcation lends further support to a role for heart rate as a determinant of the severity of experimental atherogenesis, as was previously demonstrated for the coronary arteries. 7 These observations are in agreement with the experimental findings of others 16 ' 17 and are in accord with recent epidemiological reports that elevated heart rate 18 " 20 is associated with an increased occurrence of clinical cardiovascular events. We have suggested that the combination of flow separation, low wall shear stress, and oscillation in shear stress direction during the cardiac cycle, which occurs at the lateral wall opposite the flow divider about the carotid bifurcation, results in regions of recirculation and increased particle residence time.
1 " 3 Affected regions, such as the lateral wall of the internal carotid artery at the carotid bifurcation, are therefore subjected to delayed clearance of putative blood-borne atherogenic factors and are thereby predisposed to atherosclerosis.
Although we included sham-operated animals with spontaneous low heart rate in our LHR group, our data might also have been analyzed by comparing the SNA group with the sham-operated group to minimize effects of possible genetic differences. To detect a heart-rate effect, such an analysis would have required twice the number of sham-operated animals. Since all of our SNA animals had normal heart rates before surgery and reduced heart rates after surgery and both SNA and sham-operated LHR animals had less plaque than the HHR group, we inferred, as in our previous study, 7 heart rates lower than the mean baseline rate had a sparing effect on plaque formation, regardless of the basis for the lower heart rate. Nevertheless, the selection of some animals on the basis of resting heart rate could have introduced nonhemodynamic factors that could influence the findings. It is, for example, conceivable that there is a genetic link between heart rate and atherogenesis, independent of hemodynamics. Although our findings cannot exclude such a genetic link as a contributing factor, similar findings with larger experimental groups could still be associated with genetic differences. We therefore see no reason why such a possibility excludes our interpretation, especially in view of demonstrations of similar effects in other series using a more standard inbred population of the same species. 1617 The analysis represented in Figure 4 , where maximum lesion area and percent stenosis are shown to be strongly and linearly correlated with heart rate regardless of intervention, lends further support to the relation between heart rate and lesion area.
SNA resulted not only in reduced average heart rate over 24 hours but also in a marked reduction in the amplitude of minute-to-minute excursions in heart rate under presumably similar environmental conditions. This finding raises questions concerning other features of heart rate that could play a significant role in atherogenesis. These include the time necessary for heart rate to return to baseline after activity-induced elevations, as well as the number and degree of rate excursions in 24 hours of activity. Both of these can be modified by physical conditioning. Recent reviews of published data have suggested that sedentary lifestyles are associated with increased risk of cardiovascular events.
21
- 22 The role of heart rate under both experimental and clinical conditions merits further investigation and should include characterization of features other than single determinations of pulse rate or of mean heart rate for extended periods. Detailed reports based on such determinations in recent further experiments on the cynomolgus monkey will be published elsewhere. Preliminary data reveal that heart rate and blood pressure levels interact to influence atherogenesis more than either variable alone. 23 Although plaques were present in the bifurcation region in both heart-rate groups, the increase in plaque size with axial distance from the common carotid level to the mid-sinus was much greater in the HHR group. Furthermore, the process was advanced in the HHR animals after the relatively brief 6-month feeding period and much less developed in the LHR group. It is therefore reasonable to assume that the larger midsinus plaques of the HHR animals accumulated at a more rapid rate than did those of the LHR group during the same 6-month diet period and should therefore show greater complexity. Thus, if lowered heart rate retarded plaque progression, then the plaques in LHR animals would be expected to be less advanced than those of the HHR group. Indeed, we found that the small plaques at relatively less involved levels of HHR animals were similar in structure and composition to those at the more advanced levels in LHR animals. In these lesions, foam cells and matrix fibers were present, but little stratification was evident. In contrast, the large plaques at or near the mid-sinus level of HHR animals had fibrous caps, zones of necrosis, and extension of the lesion into the media. When occasional plaques of LHR animals were large, similar stratified zones were also evident. These findings indicate that histological appearance and organization of plaques in the present study were related mainly to plaque size rather than to heart rate or diet duration. A relation between plaque size and plaque complexity and complication has also been reported for lesions at the human carotid bifurcation. 24 Fixation under conditions of physiological distending pressure confirmed previous findings at this and other locations that circumferential lumen surface contours of plaques not complicated by disruption or thrombosis remain circular and conform in general to the curvature of uninvolved sectors of the vessel area at the carotid bifurcation also increased with plaque area such that lumen area tended to be maintained independent of plaque area. This compensatory phenomenon has now been noted at the human carotid bifurcation 12 and in previous studies that indicated that human coronary arteries respond in this manner, at least until degrees of stenosis reach 30-40%. 10 A question has been raised concerning the interpretation of the close association between vessel size and plaque area. Rather than representing an adaptive mechanism to plaque formation, this relation could presumably reflect a tendency for large vessels to have large plaques and small vessels to have small plaques, without any causal relation between plaque formation and artery enlargement. Baseline measurements by angiography of the carotid bifurcation before diet induction, i.e., in the absence of plaques, could have established that the sinuses were not as large to begin with as they were at the end of the experiment. IEL area was, however, closely related to lesion area regardless of subgroup or intervention. Our finding that vessel size in plaque-free sections proximal and distal to the bifurcation was the same for HHR and LHR animals indicates that the differences in artery size at the bifurcation between HHR and LHR groups were not related to heart rate or to underlying differences in individual artery size in vessels constituting the bifurcation before exposure to the atherogenic diet but to the presence of plaque. In 11 animals fed a standard nonatherogenic diet, measurements were made in suitably pressure-fixed material of the common carotid artery immediately proximal to the bifurcation and at the mid-sinus region (Dr. M. Gene Bond, personal communication, Winston Salem, North Carolina). Comparison of the diameters at these levels revealed a close correlation, with an r value of 0.65 and p=0.03. This finding indicates that there is a close correspondence between diameters at various levels about the bifurcation when plaques are absent. Our data show that this correspondence is lost when plaques are present and reinforce the likelihood that artery cross-section size is closely related to plaque area. Furthermore, as noted in Figure 1 of the present study, enlargement is regularly associated with ellipsoidal deformity of vessel shape in relation to outward bulging beneath the eccentric plaque and preservation of a circular lumen. 10 These attributes suggest that the enlargement is the result of interaction between plaque and vessel wall. The close positive correlation between plaque area and IEL area in the vulnerable bifurcation region therefore lends support to the compensatory nature of the effect.
The close correspondence in circumferential and axial location between cynomolgus and human plaques at the carotid bifurcation suggests that the putative predisposing hemodynamic factors that have been demonstrated in scale models of the human carotid bifurcation 1 -3 are probably the same for the cynomolgus monkey. In particular, plaques are most prominent where flow separation occurs and where wall shear stress is low and oscillates in amplitude and direction in the course of the cardiac cycle. A close positive correlation between intimal thickening and wall shear stress has also been demonstrated at other locations in the human arterial tree 6 and in experimental aortic coarctations in the cynomolgus monkey, 2627 where the stenosis results in a range of wall shear stress values about the stenosis.
The same regions are also predisposed to plaque formation under conditions of hyperlipidemia. Investigation of the cellular changes and molecular events in these vulnerable locations before the intima thickens, before characteristic plaques form, and during plaque evolution should help to identify the hemodynamic and metabolic conditions necessary for the transition from nonatherosclerotic intimal thickening to atherosclerosis. The cynomolgus monkey would therefore appear to be a suitable model for further investigations of these relations and for the role of heart rate in atherogenesis. In addition, the similarities with the human disease with regard to both localization and compensatory changes in artery dimensions indicate that the model is also suitable for evaluating plaque progression and regression in relation to diagnostic imaging and flow studies.
